ABSTRACT By superposing data for many sunspot groups measured on the Mount Wilson white-light plate collection, we demonstrate that differential rotation, about equal to the ambient rate, occurs between sunspots within the group. We also show that the relative motions of leader and follower sunspots can be characterized primarily as a simple expansion of the group along its major axis, with very little rotation of the pattern about group center.
I. INTRODUCTION
In several previous papers (Howard, Gilman, and Gilman 1984; Howard 1984a, b, 1985) we have reported a number of results concerning solar rotation as measured by sunspots, derived from measurements of positions on the solar disk of individual sunspots. These measurements were made using the white-light plates taken at Mount Wilson Observatory for the years . This data set contains many more sunspot position measurements than any previous set and, as such, has allowed us to detect more subtle effects, including cycle variations in solar rotation (Gilman and Howard 1984a ) and rotation differences between leader and follower sunspots in groups . In a more recent study we have also measured small but significant latitude drifts of sunspots.
Our ability to detect significant differences in rotation rate within sunspot groups, i.e., between leaders and followers, led us to believe additional relative motions might be measurable. For example, do spots at high latitudes within a group rotate more slowly about the Sun's axis than spots at low latitudes in the same group? In other words, is the global differential rotation of the Sun detectable within a group, or does each group tend to rotate more rigidly, with different groups rotating at different rates according to their latitude and as a function of time? In addition, do spot groups show any tendency to rotate about their own centers, or is the difference between rotation rates of leaders and followers only a reflection of expansion of a group with time along its own major axis? We find that, on average, differential rotation does occur within sunspot groups, at about the rate expected from the global average differential rotation profile; we find that except in the 30 o -35° latitude bin groups simply expand along an axis slightly tilted with respect to a latitude circle, the amount of this tilt increasing with latitude, and do not exhibit systematic rotation about their own centers. 1 The National Center for Atmospheric Research is sponsored by the National Sciences Foundation.
2 Operated by the Association of Universities for Research in Astronomy, Inc., under contract with the National Science Foundation.
II. METHOD
To measure differential rotation and other motions within sunspot groups, we superimpose all the spot positions and rotation rates within 5° latitude bins in each hemisphere in the following way. First, spots from all groups whose center is in a given 5° bin are included in that bin, even the spots within the group that may be outside that bin. The average latitude of all groups in the bin is computed and then subtracted from the latitude of each individual group. Then the latitude measured for all spots in each group is offset by this difference, so that, in our representation, all group centers coincide. In addition, the measured rotation rate of each spot is adjusted by the amount that makes our representation of all group centers rotate at the rate characteristic of the average latitude of all groups in the bin. This amount is estimated by linear interpolation between rotation rates of all individual spots in adjacent 5° bins computed for the entire 67 yr record.
By making the above adjustments, and superposing all spot groups, we can develop average motions within groups that are relatively stable statistically. In particular, with the rotation correction we have made, we have removed any bias introduced by the fact that some groups occur at high latitudes in the bin, and others at low latitudes in the bin. Then if we compare the rotation rate of all spots poleward of the average latitude of all group centers, with that of all equatorward spots, we should be able to detect a true differential rotation within spot groups, if there is one. Further, we can distinguish this effect from any produced from the difference between leader and follower rotation rates (since due to the tilt of the axis of groups, leaders will tend to be closer to the equator than followers) by looking at poleward and equatorward spots separately among leaders and followers.
in. RESULTS
The basic result concerning rotation within spot groups obtained by the method described above is shown in the upper panel of Figure 1 . There we have plotted separately the rotation rates of poleward and equatorward spots in each 5° bin (folded about the equator), together with the all-spot result. Each value is plotted at the average latitude for poleward or
Rotation rates of spots poleward (x) and equatorward (O) of group center in each 5° bin, adjusted by the difference in latitude between individual group centers and the average latitude of all groups centers for that bin. Solid dots give the rotation rate and average latitude for all spots in that bin taken together. {Lower) Rotation rates of all leaders ( + ) and followers (-) plotted at their respective average latitudes, adjusted in the same manner as in the upper figure. Solid dots same as above. equatorward spots, measured relative to the average latitude for all groups in the bin. (Notice that these latitudes are equatorward of the midpoint for high-latitude bins, and poleward of the midpoint for low-latitude bins, indicative of the gradient in number of spots reversing sign at the midpoint of the butterfly diagram.) We see that the slopes defined by the trios of points are all rather close to what one would get if one simply connected the all spot points (solid dots), with some scatter to smaller and greater slopes. High-altitude slopes are clearly greater than low-latitude ones. The formal error bars for the latitudes represented here are ~0?01 for mid-latitude bins, and no higher than 0?1 for the lowest and highest latitude bins; the rotation rate errors are ~0?01 per day in midlatitudes and no more than 0?03 per day in the 30 o -35° bin that has the smallest spot sample. These errors, plus the obvious consistency from latitude to latitude, indicate the results are highly significant. A question that can immediately be asked is whether this result could simply come from the difference in rotation rate between leaders and followers, since leaders will tend to be equatorward of followers. The lower panel of Figure 1 shows the rotation rates of leaders and followers, with all spots plotted again. We see that the slopes are much steeper than in the upper panel, indicating the expansion of groups is a much larger effect, given the latitude difference between leaders and followers. Perhaps even a small part of this difference would be enough to explain the result we have found. In Figure 2 we have split leaders and followers each into poleward and equa- Fig. 1 {upper) but separated into poleward and equatorward leaders {upper) and poleward and equatorward followers {lower) forward categories, and we find the same basic result as for all spots taken together. In other words, the ambient differential rotation is seen independently in both leading and following parts of spot groups, quite distinct from the different average rates at which leaders and followers rotate. So we have clear evidence of expansion and differential rotation operating separately within spot groups.
Could the differential rotation within spot groups be a function of cycle phase? We attempted to bin the data up according to individual year within successive cycles and superimpose in this way, but the result is very noisy for 5° bins. Instead we simply binned the data by ascending and descending phases in the cycles, the former including the years 1924-1927, 1934-1937, 1945-1948, 1955-1958, 1977-1980 , and the latter the years 1917-1921, 1927-1931, 1938-1942, 1958-1952, 1958-1962, 1970-1974 . The result is seen in Figure 3 . We see the same features at mid-latitudes in both phases, but the slopes are more noisy at low latitudes during the ascending phase, and high latitudes during the descending phase, as we should expect from the relatively small spot population at those times at those latitudes. We conclude that there is no evidence for a cycle-phase effect, and that we have found a true latitude effect in differential rotation within spot groups.
Is there any evidence that sunspot groups rotate systematically about their own centers? Since we compute separately the average latitudes of leaders and followers relative to group center, and we can compute the average difference in longitude between leaders and followers for all groups for which at least one recurrent leader and follower are found, we can determine an average dimension and orientation of spot groups. A representation of these results is given in Figure 4 . Here we have plotted the relative latitudes and longitudes within each 5° bin of all the superposed groups, and we have identified the angle of tilt of the long axis of groups in degrees. We see that the No. Fig. 1 (upper) except separated by ascending and descending solar cycle phase average longitude distance between leaders and followers is about 3° and varies rather little with latitude. The tilt angle increases with latitude from slightly less than 4° at low latitudes to about 10° at high latitudes. Hale et al (1919) found a very similar result using the drawings of Carrington and Spörer.
If spot groups are to show systematic rotation about their centers, then the latitude and longitude motions of leaders and followers, relative to the group, should show a significant net velocity vector perpendicular to the long axis of the group. We have plotted on Figure 4 the relative velocities (half the total difference between leader and follower velocities is plotted separately on the leader and follower points). The angle the total velocity vector makes with the horizontal is indicated next to the follower points. If we compare these angles with the tilt angles, we see that the differences are generally quite small, only a few degrees, except at the very highest latitudes. Since the standard error in the latitude drift velocity vectors is generally one-third to one-half the vector length, these differences do not seem significant. In the 25 o -30° belt, there is a difference of about 9°, and in the 30 o -35° belt, -21°, but the sample size is particularly small in this highest belt. So only in the highest latitude is there even a suggestion of a net rotation about group center, in this case toward reducing the tilt angle. But by far the largest effect at all latitudes is a simple expansion of the group along its own major axis. This general feature had been known in a qualitative way previously (see, e.g., Bray and Loughhead 1965 ), but we believe we have presented the first quantitative measure of it from a large sample of data.
Since we have averaged together many groups, we cannot rule out the possibility that some groups do systematically rotate about their group center. We might particularly expect I  I  \  I  I  0°  1°  2°  3°  4° RELATIVE LONGITUDE IN DEGREES  Fig. 4 .-Average dimensions, orientation of, and velocities within, all spot groups that have at least one leader and follower spot that recur over a 1 day period. The angle near the leader dot gives the average tilt of the group relative to a latitude circle. The angle given near the follower dot gives the orientation of the total velocity vector to a latitude circle. Horizontal vectors give the rotation rate of leaders of followers relative to the average rate, and vertical arrows give the latitude drift of leaders and followers relative to their average drift when taken together. that groups whose tilt angle is much different from the average values we have found would be most likely to rotate. We have not attempted to look for such an effect.
The fact that the ambient differential rotation occurs even within groups should be an additional factor limiting the lifetime of groups, by shearing apart initially more coherent collections of small spots. Of course, what we have measured is only an average effect, and individual groups may show a wide range of variability about this average.
Also, if it is true that individual sunspot groups have their origin below in rigidly rotating magnetic structures, then one might expect a limit to the amount of surface shearing by differential rotations beyond which the tilt of the field lines coming up from below relative to the local vertical becomes great enough that the individual flux elements disappear at the surface. This could itself be a mechanism by which group lifetime, and, indeed, individual spot lifetime, is determined.
Finally, it should be kept in mind in evaluating these results that our operational definition of a spot group (see Howard, Gilman, and Gilman 1984) is based strictly on proximity of spots, and not on magnetic polarity. This means that, even if some of our groups are not the same as would be identified with additional information, we have demonstrated that closely neighboring spots do show differential rotation with respect to one another.
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